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CYLINDERS WITH APPLICATIONS TO DIRECTIONAL 
STABILITY AND SPINNING 
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SUMMARY 


The aerodynamic characteristics of several noncircular two-dimensional 
cylinders with axes normal to the stream at various flow incidences (anal- 
ogous to angles of attack of a two-dimensional airfoil 6ind obtained by 
rotating the cylinders about their axes) for a range of Reynolds numbers 
have been determined from low-speed wind-tunnel tests. The results indi- 
cate that these parameters have rather large effects on the drag and side 
force developed on these cylinders. The side force is especially critical 
and very often \mdergoes a change in sign with a change in Reynolds num- 
ber. Since the flow incidences correspond to combined angles of attack 
and sideslip in the crossflow plane of three-dimensional bodies, these 
two-dimensional results appear to have strong implications with regard to 
directional stability of fuselages at hl^ angles of attack. These impli- 
cations, along with those associated with the spin-recovery characteristics 
of aircraft, are briefly discussed. 


INTRODUCTION 


Because of the current trend toward low-aspect -ratio wings and large- 
volxjme fuselages with long nose lengths, the relative importance of the 
fuselage contribution to the aerodynamic characteristics of aircraft con- 
fig\arations is Increasing rapidly. In addition, considerations such as 
inlet locations, engine installations, and wing-fuselage interference 
have led to a variety of fuselage cross sections. As indicated in refer- 
ence 1, for example, cross section can have considerable effect on both 
the longitudinal and lateral aerodynamic characteristics, especially at 
high angles of attack. Large effects of cross section have also been 
observed in spin investigations such as that reported in reference 2 
where the cross section of the fuselage afterbody was varied. In view 
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of the trend toward Increased fuselage length ahead of both the center of 
gravity and the wing, it might he expected that the spin characteristics 
of current aircraft would he affected to an even greater extent hy changes 
in forehody cross section. Although the effects of fuselage cross section 
on the flow field in the vicinity of the empennage have large effects on 
stability, large effects have also been traced to direct fuselage forces. 
Thus, a better \mderstanding of the effect of cross section on the fuse- 
lage forces, especially at combined angles of attack and sideslip, is 
believed to be of value to the aircraft designer. Since, even for circu- 
lar cross sections, a large part of the forces encovintered are associated 
with crossflow separation, it would appear that empirical methods, such 
as those developed in references 3 and 4 , must be resorted to at the 
present time. In these methods the flow past the body is resolved into 
two components, one parallel to the body axis and one normal to it. It 
is then assumed that the crossflow is independent of the axial flow and 
therefore related to the flow about a cylinder at right angles to the 
flow. However, for the extremely high angles of attack often encountered 
in spins, the problems involving the degree of interdependence between 
the crossflow and axial flow (see ref. 5) are largely eliminated. For 
both these methods, it is necessary to have a knowledge of the forces on 
a two-dimensional cylinder normal to the flow and having the same cross 
section as the fuselage in question. For a circular fuselage at any 
attitude or noncircular fuselages in a piare pitch or sideslip attitude, 
only the crossflow drag of the corresponding cylinder need be known, and 
a considerable amount of this information is available (refs. 6 and 7 ) • 
However, for noncircular fuselages at combined angles of attack and side- 
slip, the resultant force on the equivalent cylinder at a flow incidence 
corresponding to the combined angle of attack and sideslip must be known. 
For the most part, available two-dimensional-cylinder data for shapes 
other than airfoil and elliptical (ref. 8) are limited to zero flow inci- 
dence. One exception is the results for the triangiilar cylinder of refer- 
ence 7j however, these data are limited to rather low Reynolds numbers. 

The purpose of the present investigation, therefore, is to determine 
the forces on several noncircular two-dimensional cylinders with axes 
normal to the stream at varioiis flow incidences (analogous to angles of 
attack of a two-dimensional airfoil and obtained by rotating the cylinders 
about their axes) for a range of Reynolds numbers and to make a limited 
correlation with three-dimensional bodies at combined angles of attack 
and sideslip. 


SYMBOLS 


The convention used with regard to flow inclination, cylinder refer- 
ence dimensions, and the direction and positive sense of the aerodynamic 
coefficients are presented in figure 1. The aerodynamic coefficients and 
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Reynolds numbers have been corrected for the effects of the wlnd-tuiinel 
walls by the method of reference 9* Ibe definitions of the symbols used 
throxighout the paper are as follows : 

A maximum fuselage cross-sectional area 

b maximum projected width of cylinder normal to flow for given 

flow incidence 


maximum width of cylinder normal to flow at zero flow 
incidence 


Cd 


section drag coefficient. 

Force in stream direction per unit length 


£v 2 

2 


^Vn 


yawing-moment coefficient of fuselage 

maximum depth of cylinder parallel to flow at zero flow 
Incidence 


section longitudinal-force coefficient. 
Longitudinal force per \mlt length 

b —V ^ 

“o2*n 

side-force coefficient of fuselage. 


Side force 

|v2a 


section side-force coefficient, Side force per unit length 


Id -V ^ 
^02 ''n 


Cy* section side-force coefficient tiased on Cq 

D maximum diameter of fuselage 

L total length of fuselage 

I length of fuselage rearward of center of gravity 

M Mach number 


R Reynolds number 

r corner radius 
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S effective side area of fuselage 

V free-stream velocity for three-dimensional "bodies 

free-stream velocity for cylinders normal to flow (see fig, l) 
or velocity component normal to axis of three-dimensional 
body 

x^y^z Cartesian coordinates of fuselage (see table l) 
a angle of attack of fuselage 

p angle of sideslip of fuselage 

p free-stream air density 

^ angle of flow incidence in plane normal to axis of two- 

dimensional cylinder or three-dimensional body 

0 , rate of spin 


MODEIS AND EQUIPMENT 


Details of the cross section of each cylinder tested are presented 
in figure 2(a), and a photograph (taken from the downstream side) of the 
cylinder having a modified triangular cross section mounted in the wind 
tunnel is shown in figure 2(b) . The models were constructed of mahogany 
and were lacquered to produce smooth surfaces. The square cylinder 
having the small corner radii was made considerably larger than the other 
cylinders in order to make possible the attainment of supercritical 
Reynolds mmibers, which would be expected to be considerably higher for 
this shape than for the cross sections having the larger radii (ref. 6). 

The cylinders were tested in the Langley 5 OO-MPH 7- *by 10-foot 
tunnel, and they spanned the tunnel from floor to ceiling (fig. 2(b)). 

In order to minimize any effects which might be caused by air leakage 
through the small clearance gaps where the cylinders passed through the 
floor and ceiling, each of the cylinders was equipped with an end plate 
(fig. 2(b)). The forces and moments developed on the cylinders were 
measured by means of a mechanical balance system. 

In order to determine the degree to which the side-force character- 
istics of the two-dimensional cylinders might be indicative of the 
directional stability characteristics of three-dimensional bodies at 
high angles of attack, three fuselages were also tested in the 5 OO-MPH 
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7- by 10-foot timnel. Details of the fuselages, all of which had the 
same longitudinal distribution of cross-sectional area, are presented 

in table I. The fuselages had constant sections from ^ = 0.5200 to 

— = 0 . 7554 , for the rectangular fuselages the sections were Identical 

L 

to those of the two-dimensional cylinders. Forward and rearward of this 
constant section, there was a gradual transition to a circular cross 
section. 


RESXJLTS 


The basic data are presented in figures 5 to 8 as a function of 
Reynolds number. The circular cylinder was Included in the investiga- 
tion to provide an end point for the corner-radius series and to afford 
a comparison with previous investigations to determine whether any 
serious interference effects existed near the walls because of the gaps 
and end plates. The results for the circular cylinder of the present 
investigation are compared with the results of references 10 and 11 and 
the agreement shown (see fig. 5 ) indicates that no serlovis interference 
effects existed, and this fact is also assumed to be true for the non- 
circixlar cylinders of the present investigation. Because of the small 
size of the cylinder of reference 11, supercritical Mach numbers 
(M > 0.4) were encountered at Reynolds numbers beyond that indicated 
by the tick. 

The basic data for the noncircxilar cylinders are presented in fig- 
ures 4 to 8 , where both the section longitudinal-force coefficient c^^ 
and the section side-force coefficient Cy are presented as functions 
of Reynolds number for various angles of flow incidence The body 

axes rather than the wind axes were \ased for presentation of the data 
in order to simplify the estimation of the stability characteristics 
of fuselages, since the currently preferred practice is to relate fuse- 
lage characteristics to the body axes. It is Important to keep in mind 
that for all the basic data (figs. 4 to 8 ) the aerodynamic coefficients 
are based on bo, the maximum cylinder width normal to the stream at 
^ = 0° (fig. 1) . Although the side force at small and moderate flow 
incidences is usually more dependent upon the depth Cq, the width was 
used to provide consistency between Cjj and Cy. However, in some of 
the summary figiires, the side-force coefficients are based on Cq in 
order to illustrate certain points and these coefficients will be indi- 
cated by the use of a prime. 

Data for the square cylinders were obtained only for flow incidences 
up to 0 = 45 ° inasmuch as the data for other angles can be obtained by 
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properly converting the angles and forces. However^ for the rectangular* 
and triangular cylinders^ data had to he obtained up to 9 ^ = 90^. In 
presenting the data for the rectangular cylinder, however, it was believed 
that application to fuselages at high angles of attack might be facill- 
tated by presenting the data for flow-incidence ranges from 0° to 45° for 
a rectangular cylinder with its major axis parallel to the stream (cor- 
responding to a deep fuselage) at (f) = 0^ and for a rectangiilar cylinder 
with its major axis normal to the stream (corresponding to a shallow 
fuselage) at (f> - 0° . Of course, data for the complete range of flow 
incidences can be obtained by converting incidence angles, exchanging 
force coefficients, and correcting for the coefficient reference lengths. 

The Reynolds number used throu^out the present investigation is 
based on the velocity and on the raaximimi depth of the cylinder 

parallel to the velocity at (j) = OP . 

It should be pointed out that the Reynolds number variation was 
obtained during the increasing- velocity portion of the test. As the 
tunnel velocity was reduced, however, a hysteresis effect was sometimes 
observed which appeared to reduce the critical Reynolds nximber by as 
much as 200,000 in some cases. Since it was rather difficult to hold 
the tunnel velocity in the region of the critical Reynolds number, the 
velocity pulsations combined with the hysteresis effect may have had 
some effect on the plateau observed in the data in the transition region. 
(See figs. 4(a) and 4(b).) 


DISCUSSION 


In this section, a limited discussion of the application of the 
results of this investigation is presented. This discussion consists 
of some brief remarks with regard to the effects of Reynolds mmiber and 
cross section on the drag and side-force coefficients of two-dimensional 
cylinders and the implications of these resvilts with regard to the sta- 
bility of aircraft at large angles of attack such as those encountered 
in spins. 


Drag of Two-Dimensional Cylinders 

The section drag coefficient of square cylinders of varioiis corner- 
radius ratios (r/bo) at 0=0° are plotted against Reynolds number 

in figure 9(a). The results for the cylinders having ^ = 0.080 and 0.245 

are from the present investigation, whereas the results for the other 
cylinders were obtained from reference 6. The results presented in the 
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upper plot of figure 9(a) indicate a rather large effect of corner radius 
on both the section drag coefficient and the critical Reynolds number; 
both increase as the radius is decreased. This increase is, of course, 
associated with the more pronotinced separation at the comers caused by 
the increasing severity of the adverse pressure gradients as the rad.ius 
is reduced. The rather large effect of radius on the critical Reynolds 
number makes it somewhat difficult to predict, by interpolation, the 
drag variation for radii other than those presented. In an attempt to 
alleviate this situation, the critical Reynolds numbers have been forced 
to coincide by means of an empirical factor applied to the Reynolds num- 
ber, and the data have been replotted in the lower part of figure 9(a) . 

It appears that, for the usual engineering accuracy required, only a 
vertical interpolation need be made to obtain the drag variation for any 

radiiis between ^ = O.O80 and 0.335* 

“^o 

Figijre 9(4i) presents the resvilts for the diamond cylinders - that 
is, the same square cylinders rotated 45° to the stream. Although the 
section drag coefficient is based on the maximum width normal to the 
stream b, the corner radii are nondimens ionali zed by bo for convenience 
in comparing the results with those from figiare 9(a) . For this condition, 
it will be noted that, although the corner radius has a large effect on 
the critical Reynolds nvimber, it has only a slight effect on the magni- 
tude of the section drag coefficient at subcritical Reynolds numbers, at 
least for values of r/bo less than 0.533* The subcritical drag char- 
acteristics of the diamond cylinders are therefore considerably different 
from those of the sqmre cylinders. Also, the drag characteristics of 
the circular cylinder are more similar to those of the diamond cylinders 
(fig. 9(t>)) than those of the square cylinders (fig. 9(a)). For example, 
both the circular and diamond cross sections exhibit a gradual transi- 
tion from subcritical to supercritical flow conditions, whereas the square 
cylinders exhibit a rapid transition for the range of radii Investigated. 
Some of these observations may be explained, to some extent at least, by 
the theoretical pressure distributions presented in flg\are 10. These 
distributions were calculated by the method of reference 12. The pres- 
sure distributions indicate, as might be expected, that the general 
character of the flow about the diamond cross section with round comers 
is considerably more similar to the flow about the circular cross section 
than about the square cross section with roimd corners. In view of this 
similarity, it is not surprising that the general drag characteristics 
of the circular cylinder are similar to those of the diamond series. The 
extreme adverse pressure gradients encountered on the diamond cross sec- 
tion, despite large corner radii, would lead one to believe that the 
breakaway point is very near the position of maxlm\jm width and probably 
accoiuits for the fact that the subcritical drag is relatively independent 
of corner radius and is considerably higher than that for the circiilar 
cylinder (fig. 9(4))). The transition in subcritical drag characteristics 
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■between the square cylinders, which are extremely sensitive to comer 
radius, and the diamond cylinders, which are relatively insensitive to 
corner radius, is shown in figure 11. In this figure the section drag 
coefficient, which is based on the respective maxlmijm projected widths 
normal to the flow b, is plotted as a function of the incidence of 
flow (ft for various corner radii; the sqiiare cylinders correspond to 
9^ = 0° and the diamond cylinders correspond to 0 = 45°* In addition to 
the resiilts of the present investigation, the variation of C(j^ with 0 

for sharp corners = 0^, as obtained from reference I 5 , is presented. 

The results from reference 6, which were obtained only for 9 ^ = 0° and 45°, 
are also presented. The data indicate a rather rapid reduction in drag 
associated with an Increase in Incidence 0 over a moderate range with 
the minimum drag occurring at different values of ^ depending upon the 
corner radius. The effect of corner radi\is diminishes rapidly as the 
drag rises beyond the incidence for minimum drag, and for incidences 
above about 50 ° there is essentially no effect of corner radius. 

For the drag characteristics of cylinders having other shapes, the 
reader is referred to fig\ires 6, 7> and 8 and references 6, 'J, and 8. 


Side Force Developed on Two-Dimensional Cylinders 

A knowledge of the side forces developed on various two-dimensional 
cylinders for a range of flow incidences and Reynolds numbers might be 
valuable in predicting, at least qualitatively (by crossflow methods 
similar to those of refs. 5 4), the directional stability character- 

istics of aircraft fuselages at high angles of attack. This information 
should be particularly useful in the case of spinning where extremely 
high angles of attack are often encountered, since for these conditions 
the effect of the axial flow on the crossflow is minimized. It should 
be kept in mind that the flow-incidence angle (f) corresponds to the 
incidence of the crossflow component of the free-stream velocity about 
a three-dimensional body at various combinations of angle of attack a 
and angle of sideslip p. For example, at a given angle of sideslip, a 
small value of ^ corresponds to a large angle of attack whereas a large 
value of 0 corresponds to a small angle of attack. The actual relation- 
ships will be discussed in the section entitled "Directional Stability 
and Spinning Characteristics of Three-Dimensional Bodies." 

In figures 4 to 8, the basic section data obtained for the various 
noncircular two-dimensional cylinders shown in fig\ire 2(a) are presented 
as a function of Reynolds number for various values of the flow inci- 
dence 9 ^. Note that Reynolds number, cross section, and flow Incidence 
all have a rather large effect on the side force developed by two- 
dimensional cylinders. Some of the more striking effects are illustrated 
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in figure 12, where comparisons of vario^JB cross sections are made for 
a flow incidence of 10°. In the upper plot of figure 12(a) the varia- 
tion of section side-force coefficient with Reynolds number is presented 
for the two sqiiare cylinders - one having a corner-radius ratio (r/b^) 
of 0.080 and the other having a corner-radius ratio of 0.2^5. The 
results indicate that positive values of side-force coefficient (corre- 
sponding to a negative lift-c\irve slope for a two-dimensional airfoil) 
are developed at the lower Reynolds numbers for both of the square 
cylinders. Above a Reynolds number of about 650,000, the square cylinder 
having the corner-radius ratio r/bg of 0.245 develops a large negative 
side-force coefficient (corresponding to a positive lift-curve slope) 
which is in fair agreement with the theory for a flat plate (-2n sin . 

The large effect of Reynolds number can be qualitatively explained 
by the following sketches which are based on tuft siirveys: 



Subcrltical Reynolds number Supercritical Reynolds number 

Sketch (a) Sketch (b) 

The surveys Indicate that, at subcrltical Reynolds niimbers (sketch (a)), 
the flow separates at the left leading corner because of the strong 
adverse pressure gradient and that the stream is deflected in a direction 
which produces a force into the cross-wind component (+Cy). However, 
at supercritical Reynolds numbers (sketch (b)), the flow remains attached 
and is deflected an amount approximately equal to the angle of flow inci- 
dence (f>, as indicated by both the tuft surveys and the agreement with 
the flat-plate theory (-2 tc sin ^) . The adverse gradients are consider- 
ably more severe for the square cylinders having the sharper corners 
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= 0.080^ than for those having values of ^ of 0.24-5; therefore, 

\l^o / 

the separated flow persists to a much higher Reynolds number (fig. 12(a)). 
Although supercritical Reynolds n\mibers are not attained for the cylinder 

with — = 0.080, the res\ilts indicate that transition begins at a Reynolds 
bo 

number of about 1,500,000, and, at the highest Reynolds number attained, 
the section side-force coefficient has decreased to almost zero. It is 
interesting to note that the critical Reynolds number, if based on corner 
radius, would be approximately the same for the two cylinders. 

The results presented in the lower part of figure 12(a) indicate 
that the section side-force characteristics for the triangular cylinder 
are considerably different from those of the square cylinders. At low 
Reynolds numbers a small negative side-force coefficient occvirs, whereas 
at the higher Reynolds nimnbers a fairly large positive side-force coef- 
ficient occurs. This general trend is opposite to that observed for the 
square cylinders and ml^t be explained by the following sketches which 
are based on tuft studies; 



Subcritical Reynolds number Supercritical Reynolds number 

Sketch (c) Sketch (d) 

At subcritical Reynolds numbers (sketch (c)), the flow separates at both 
leading corners, and only a small negative side-force coefficient is 
developed. However, at supercritical Reynolds numbers, the flow attaches 
on the right-hand corner (sketch (d)), which has the least adverse pres- 
sure gradient, and is deflected in a direction that produces a positive 
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side force. Note that the flow is deflected in the same direction by 
the triangular cylinder at supercritical Reynolds numibers (sketch (d)) 
as by the square cylinder at subcritical Reynolds numbers (sketch (a)) 
and this fact apparently accoimts for the opposite trends with Reynolds 
number between the two cross sections. 

Figure 12(b) presents the variation of section side-force coefficient 
with Reynolds number for the cylinders having diamond and rectangular 
cross sections at a flow incidence of 10°. The results obtained with 
the diamond cross sections (see upper plot of fig. 12 (b)) show relatively 
little effect of Reynolds number, and, as might be expected, the side-force 
characteristics are somewhat similar to those of the triangular cylinder 
(see lower plot of fig. 12(a)). The lower plot of figure 12(b) presents 
a comparison of the results obtained for the two rectangular cylinders 
and for the square cylinder; the trends with Reynolds number are essen- 
tially the same for all three cylinders. The flow studies previously 
presented for the square cylinder apparently also apply for the rectan- 
gular cylinders; therefore, no further discussion will be given except 
to point out again that the changes in critical Reynolds numbers are 
associated with the fact that the Reynolds numbers in the present inves- 
tigation are based on Cq rather than corner radius . In order to illus- 
trate this fact, the results for the square and rectangular cylinders are 
presented as a function of Reynolds number based on corner radius in 
figure 12 (c) . 

In figure 12, side-force results were presented for only one angle 
of flow incidence. Flgvire I 5 siJmmarizes the variation of section side- 
force coefficient with flow incidence for all the cylinders of the present 
investigation and for those of references 'J, 8, and l4. Results, where 
available, are shown for Reynolds numbers of 1,000,000 and 200,000. Also 


plots of figure I 3 show the changes in the variation of side-force coef- 
ficient with flow incidence as the cross section gradually changes from 
a rectangle with major axis normal (when 0 = 0°) to the flow to an 
NACA 0015 airfoil section alined (when 0 = 0°) with the flow. At the 
lower Reynolds number the curve for the initial rectangular cross section 
differs greatly from the theoretical curve for the flat plate, but this 
difference diminishes as the airfoil section is approached. The results 
also indicate that at the higher Reynolds n\miber the variation of Cy ' 
with 0 approaches that for the flat plate regardless of cross-sectional 
shape. Although interesting observations can also be made with regard 
to the results presented in the bottom of figure I 5 , they are not dis- 
cussed here since they will be considered in connection with application 
to directional stability. 


shown is the theoretical value for a flat plate 
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Directional Stability and Spinning Characteristics 
of Three-Dimensional Bodies 

In order to illustrate the degree to which the side-force character- 
istics of the two-dimensional cylinders might be indicative of the direc- 
tional stability characteristics of three-dimensional bodies at high 
angles of attack, tests have been made on one circular-cross-section 
fuselage and on two rectangular-cross -section fuselages. The fuselages 
(see table I) were tested at an angle of sideslip of 5° through an angle- 
of -attack range from 0° to 24°, and the side-force coefficient (based on 
maximum cross-sectional area) developed is presented in the upper plot 
of figiJre 14. The side-force coefficient, rather than the yawing-moment 
coefficient, was selected because the yawing moment is dependent upon the 
particular moment reference point selected and because existing methods 
of applying two-dimensional data to three-dimensional bodies appear to 
be more successfvil with regard to the overall force than with regard to 
the distribution of the force (fig. 9 of ref. I5) . The results indicate 
that the side force developed by the fuselage having a circular cross 
section was relatively independent of angle of attack. However, the side 
force developed by the fuselages having rectang\ilar cross sections was 
greatly dependent upon angle of attack, especially for the rectangular 
fuselage with the major axis vertical and this result is in general 
agreement with the trends indicated in reference 1. It should be men- 
tioned that for current aircraft, with their long fuselage noses and 
short tail lengths, the side-force characteristics indicated for the 
rectangular fuselages would tend to increase the fuselage directional 
Instability at hl^ angles of attack and supercritical crossflow Reynolds 
numbers . 

The side-force variation for the three fuselages, as estimated with 
the aid of the two-dimensional-cylinder data, is presented in the lower 
part of figure l4. It should be pointed out that, for the subcritlcal 
crossflow Reynolds numbers which existed in the three-dimensional tests, 
the side forces developed on the two-dimensional cylinders would result 
in a trend with angle of attack opposite to that encountered on the three- 
dimensional bodies and that it was necessary to \ise supercritical values 
to obtain a reasonable correlation. This fact, however, is not surprising 
in view of the rather large degree of interdependence between the cross- 
flow and the axial flow observed in references 4 and 5 for angles of 
attack up to 30° or 40°. Although considerable variation exists between 
the measured and estimated side forces for each of the rectangular fuse- 
lages, the general trend, with regard to the effect of fuselage cross 
section, appears to be sufficiently well defined to allow the use of two- 
dimensional cylinder data in the selection of fuselage cross sections. 
Also, a more rigorous method of applying the two-dimensional data might 
be expected to result in better agreement. In view of the shortcomings 
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of the methods ciorrently available, the use of the simplified method 
was believed to be justified. In this method it was ass\med that the 
small potential force on the boattailed afterbody, as predicted by 
theory, was not attained because of afterbody separation. The potential- 
flow contribution to the side force was therefore restricted to the 
expanding section of the nose, and the potential side-force coefficient 
is given by the following expression (ref. 5) : 


potential 


= - -it. 
57.3 


( 1 ) 


The side-force coefficient is based on the maximum cross-sectional area 
of the fuselage. In \islng the 
two-dimensional cylinder data 
to estimate the nonpotential 
side force contributed by the 
crossflow, it is necessary to 
relate the angles of attack 
and sideslip and the free- 
stream dynamic pressxare of the 
three-dimensional body to the 
crossflow incidence and 
dynamic pressiire as indicated 
in sketch (e) . From this 
sketch, it can be seen that 


tan 9I . ifSJ 
^ sin a 

Also, inasmuch as q = and 

1 2 ^ 

<ln = ^pVn ^ then 

= q(cos^3 sin^a + sin^p) 



Sketch (e) 


From these relationships, the nonpotential side-force coefficient can be 
written as follows : 

Cy'S(cos^P sin^a + sin^p) 

(*^y) nonpotential “ T 


( 2 ) 


where S is an effective side area of the fuselage and Cy' is the two- 
dimensional side-force coefficient corresponding to ^ and can be obtained 
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from figiire I5 or from the hasic data plots presented in figures 4 to 8 . 

^In using figs. 4 to 8, it must he kept in mind that Cy' = Cy 

Adding equations (l) and (2) gives for the total side-force coefficient 


Cv = 


23 Cy's(cos^3 sin^a + sin^3^ 


57.5 


(5) 


For the special case of circ\ilar cross sections. 


Cy' = c^ sin ^ 


and 


Cy 


= - 


c^S 


5T-3 


/ 2 2 P 

sin ^Jcos 3 sin a + sin 3 


(4) 


The best method of selecting the effective side area S for the 
various fuselages is not obvious. The results presented in reference I5 
for fuselages having circ\lLar cross sections indicate that, because of 
the favorable pressure gradients, little crossflow separation occxrrs on 
the expanding section of the nose. Therefore, it would appear that for 
circular fuselages the side area rearward of the nose tangency point 
might be a reasonable approximation. However, for the rectangular fuse- 
lages the favorable gradients on the nose may increase the chances of 
encountering (even at low crossflow Reynolds numbers) the large side 
forces encountered on the two-dimensional cylinders at supercritical 
Reynolds numbers. This, in addition to the fact that the adverse gra- 
dients over the tapered afterbody probably deter the development of the 
large side forces, would siaggest the use of the side area ahead of the 
tapered afterbody for the rectangular fuselages. 

If the direct fuselage forces for current aircraft, with their long 
fuselage noses and short tail lengths, are contributed mainly from the 
portion of the fuselage ahead of the wing, then it would be desirable 
from a static-directional-stability standpoint to employ a cross section 
which develops a positive slope of Cy against When only the hi^ 

Reynolds number results of figure I5 are considered, the square cross 

section with — = O.O8O and the triangular cross section with rounded 
bo 

corners appear to be the most desirable cross sections of those tested 
with regard to static directional stability at high angles of attack. 
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As previously pointed out, the axial flow is important for angles 
of attack up to 50 ° or 40°j however, for higher angles of attack, such 
as encovintered often in spins, the axial flow has relatively little effect 
on the crossflow characteristics. Thus, for certain cross sections, con- 
siderable difference "between model and flight spin characteristics could 
possibly be encoimtered because of the differences in crossflow Reynolds 
number. From fig\rre I5, it appears that the rectangular and square cross 
sections with corner radii would be particularly susceptible to scale 
effects. Although comparisons between model and flight tests are not 
available for these cross sections, low-scale tests of fuselages having 
rectangiolar and elliptical cross section (ref. 2) tend to substantiate 
the applicability of the two-dimensional data and, therefore, reinforce 
somewhat the possibility of important scale effects. Figure I 5 presents 
the results of the spin tests of reference 2 along with the resiilts of 
the two-dimensional cylinders. In the upper part of figure I 5 the 
yawing-moment coefficient due to spinning is presented as a function of 
the rate of spin for fuselages having rectangular and elliptical after- 
bodies. The damping moment is considerably less for the rectangular 
than for the elliptical afterbody, and at the lower spin rates a pro- 
pelling moment is probably generated for the rectang\ilar afterbody. This 
result is in qualitative agreement with the res\ilts for the two-dimensional 
cylinders of the present investigation, as can be seen from the lower part 
of figure I 5 . The side-force coefficient developed on rectang\ilar and 
elliptical cylinders at flow incidences corresponding to those enco\mtered 
at the base of the fuselage dinring the spin is presented and it will be 
noted that the characteristics are similar to those obtained in the spin. 
The results presented in figure I 3 , however, indicate that the particular 
effects of cross section indicated in figure I 5 would be essentially 
eliminated at a crossflow Reynolds number of 1,000,000. Considerable 
care must therefore be exercised in predicting spin-recovery character- 
istics from tests of the model at low Reynolds number. With regard to 
the cross-sectional shapes that might be desirable from the standpoint 
of spin recovery, those having negative slopes of side force against 
angle of incidence would be expected to provide aerodynamic damping and 
would, therefore, be desirable. This side-force requirement is, of course, 
opposite to that discussed previously for static directional stability 
contributed by the forebody, and, based on results at a Reynolds nimiber 
of 1,000,000, it appears that sharp leading corners as well as diamond 
and triangular cross sections should be avoided. However, verification 
is needed at Reynolds numbers closer to those enco\mtered in flight. 


CONCLUDING REMARKS 


The results obtained from tests of various two-dimensional cylinders 
indicated that flow incidence, Reynolds number, and cross-sectional shape 
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have rather large effects on their aerodynamic characteristics. The 
side force developed is especially critical and very often undergoes a 
change in sign with a change in Reynolds number. These side forces, 
which can be very large, appear to have rather strong implications with 
regard to directional stability characteristics of three-dimensional 
bodies at hi^ angles of attack, and desirable and undesirable cross- 
sectional shapes, as determined from the two-dimensional tests, are 
Indicated. The results are particularly applicable to spin character- 
istics since the high angles of attack often encountered minimize the 
axial-flow effect, and the results also indicate that, for certain cross 
sections, care must be exercised in using test results obtained at low 
Reynolds niombers to predict full-scale spin-recovery characteristics. 


Langley Aeronautical laboratory. 

National Advisory Committee for Aeronautics, 
Langley Field, Va., September 17, 1957* 
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TABLE I 


DE7TAII5 OF FUSELAGES TESTED 




Coordinates for 

circular fuselage 

x/L 

r/L 

0 

0 

.0528 

.0091 

.0657 

.0171 

.0986 

.0241 

.1515 

.0300 

. l 6 k 3 

.0350 

.1972 

.0390 

.2301 

.0421 

.2629 

.0443 

.2958 

.0453 

.3200 

.0457 

.755^ 

.0457 

.7669 

.0454 

.7998 

.0438 

.8326 

.0418 

.8655 

.0395 

.8984 

.0372 

.9513 

.0349 

.9641 

.0326 

1.0000 

.0302 


Coordinates for 
rectangular fuselages 

x/L 

y/L 

z/L 

r/L 

0 

0 

0 

0 

.0219 

.0059 

.0062 

.0056 

.0657 

.0149 

.0173 

.0127 

.0877 

.0186 

.0230 

.0150 

.1315 

.0242 

.0321 

.0179 

.1534 

.0265 

.0362 

.0188 

.1972 

.0300 

.0427 

.0198 

.2410 

.0323 

.0475 

.0202 

.2630 

.0331 

.0492 

.0203 

.2849 

.0336 

.0502 

.0204 

.3200 

.0339 

.0509 

.0204 

. 753 ^^ 

.0339 

.0509 

.0204 

.7615 

.0339 

.0507 

.0205 

.7889 

.0336 

.0489 

.0213 

.8327 

.0329 

.0451 

.0231 

.8546 

.0325 

.0430 

.0240 

.8985 

.0317 

.0388 

.0259 

.9204 

.0313 

.0369 

.0269 

.9642 

.0306 

.0331 

.0286 

1.0000 

.0301 

.0301 

.0301 
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Figure 1 .- Convention used to define positive sense of the flow incli- 
nation, cylinder reference dimensions, and aerodynamic coefficients. 
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(a) Cross-sectional details. (Dimensions in inches.) 
Figure 2 .- Details of two-dimensional cylinders. 
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(b) Photograph (taken from downstream side) of triangular cylinder 

mounted in wind tunnel- 


Figure 2.- Concluded. 



Figure 3 .- Variation with Reynolds number of the drag coefficient of circular cylinders obtained 

by the present tests and compared with previous results. 
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(a) 0 = 0°; 0 = 5°. 


Figure 4.- Effect of Reynolds number on the force characteristics of a 

square cylinder. ~ 0.24-5 • 
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(b) 0 = 10°; 0 = 15° 

Figure 4 .- Continued. 
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2 3 5 7 / 0 ^ 

f^eynolds number , R 

(c) 0 = 25°; 0 = 30°. 

Figure 4 .- Continued. 
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(d) 0 = 55°; 0 = 45° 

Figure 4 .- Concluded. 
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(a) 0 = 0 °;^= 5°. 

Figure 5 -- Effect of Reynolds nurier on the force characteristics of a 

square cylinder, r/bg = O.O8O. 
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(b) 0 = 10°; 0 = 15O 

Figure 5.- Continued. 
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(c) 0 = 25°. 


Flgirre 5 «- Continued 
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(d) 0 = 35 °; 0 = 45°. 

Figure 5 *- Concluded. 
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(b) 0 = 10°; 0 = 15°. 
Figure 6 .- Continued. 
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Figure 6 


Continued 
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(d) 0 = 45°. 

Figure 6 .- Concluded. 
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(b) 0 = 10°) 0 = 15° 

Figure 7 -“ Continued. 
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and 


Cx 

and 



Reynolds number, R 

(c) 0 = 35°; 0 = 45° 

Figure 7.- Concluded. 
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(a) 0 = 0 °; 0 = 10 °. 

Figure 8 .- Effect of Reynolds number on the force characteristics of 

the triangular cylinder. 
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(b) 0 = 20 °; 0 = 30° 

Figure 8 .- Continued. 
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(c) 0 = 40°j 0 = 50° 

Figure 8.- Continued. 
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(d) 0 = 55°; 0 = 60° 

Figure 8 .- Continued, 
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Cx 

and 


Cx 
and 
C u 



-1.5 


- 1.0 


2 3 5 7 10^ 

Reynolds number , R 


(e) 0 = 70°; 0 = 80°. 

Figiire 8.- Continued. 
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Reynolds number , R 


(f) 0 = 90°. 


Figure 8 


Concluded 
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Cd 



Cd 



r 

bo 

Source 

0 

.02! 

Reference 6 

□ 

.080 

Present tests 

0 

.167 

Reference 6 

A 

.245 

Present tests 


.333 

Reference 6 



(a) Square. 

Figure 9.- Effect of corner radius on the variation of the section drag 
coefficient of square and diamond cylinders with Reynolds number. 
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(b) Diamond. (Circle when ^ 

\ Dq 



Figure 9 »- Concluded 
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Figure 10 .- Theoretical pressure distribution around various cross 

sections . 
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Source 


A 

0 

Reference 13 

0 

.02! 

Reference 6 

□ 

080 

Present tests 

0 

.167 

Reference 6 

A 

.245 

Present tests 


.333 

Reference 6 


Figure 11.- Effect of incidence of flow and corner radius on the 
subcritical drag coefficient of square cylinders. 
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(a) Squares and triangle, 


Figure 12.- Effect of cross section on the variation of section side- 
force coefficient with Reynolds number. 0 = 10 ^. 
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Reynolds n umber, R 

(b) Diamonds and rectangles. 
Figure 12.- Continued. 
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(c) Effect of Reynolds nuinber based on corner radius. 


Figure 12 .- Concluded 


R‘ 1,000,000 

— R‘ 200,000 


VJl 

ro 



-2 IT sin ^ 





Figure 15 •- Effect of cross section and flow incidence on the side-force coefficient. 

for incompressihle flow unless otherwise noted. ) 
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Section A-A 



(a) Measured on three-dimensional todies . 


Section A-A 



00 
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(b) Estimated from two-dimensional-cylinder data by using equations 

and ( 4 ) . 


(5) 


Figure l4.- Effect of fuselage cross section on slde-foi*ce coefficient 
developed on three-dimensional body. 
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tan d - —L. 

^ V 

Figure 15 *- Conparison of yawing -moment coefficient in spin (obtained 
from ref. 2 ) with side-force coefficient developed on two- 
dimensional cylinders. 
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